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Abstract — In this study, an improved acetone-water fractional precipitation process for paclitaxel using ultrasonic
cavitation bubbles and gas bubbles was developed. Compared to the conventional method, the time required for
precipitation has been reduced by 20~25 times. In addition, the particle size of paclitaxel decreased by 3.5~5.5 times and
the diffusion coefficient of paclitaxel increased by 3.5~6.7 times. In the case of precipitation using ultrasonic cavitation
bubbles, as the ultrasonic power increased and the temperature decreased, the precipitation rate constant increased. In the
case of precipitation using gas bubbles, as the gas flow rate increased and the temperature decreased, the precipitation
rate constant increased. Thermodynamic parameters revealed the exothermic, irreversible, and nonspontaneous nature of

the improved fractional precipitation.
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Fig. 1. Schematic diagram of conventional fractional precipitation
(A), fractional precipitation with ultrasonic cavitation bub-
ble (B), and fractional precipitation with gas bubble (C) for
pre-purification of paclitaxel.
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Fig. 2. Effect of precipitation time on the yield of paclitaxel obtained by
conventional acetone-water fractional precipitation at 5 °C.
(A) Sample purity 20.4%; (B) Sample purity 63.6%.
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Fig. 3. Effect of ultrasonic power on the yield of paclitaxel obtained by ultrasound-assisted acetone-water fractional precipitation at different
sample purities and temperatures. (A) Sample purity 20.4% and 5 °C; (B) Sample purity 63.6% and 5 °C; (C) Sample purity 20.4%
and 15 °C; (D) Sample purity 63.6% and 15 °C; (E) Sample purity 20.4% and 25 °C; (F) Sample purity 63.6% and 25 °C.
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Fig. 4. Effect of gas flow rate on the yield of paclitaxel obtained by acetone-water fractional precipitation with gassing unit at different sam-
ple purities and temperatures. (A) Sample purity 20.4% and 5 °C; (B) Sample purity 63.6% and 5 °C; (C) Sample purity 20.4% and
15 °C; (D) Sample purity 63.6% and 15 °C; (E) Sample purity 20.4% and 25 °C; (F) Sample purity 63.6% and 25 °C.
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Table 1. Effect of ultrasonic cavitation bubbles and gas bubbles on mean particle size and diffusivity in acetone-water fractional precipitation

Fractional precipitation type Sample purity (%) Mean particle size (um)  Viscosity (g/cm-s) Diffusion coefficient, D, x 10" (m%/s)
Control* 20.4 175.0£21.6 1.1 227
With cavitation bubbles 32.1£9.7 0.9 15.1
With gas bubbles 48.0£10.7 1.1 8.26
Control* 63.6 132.0£17.9 1.1 3.00
With cavitation bubbles 25.2+6.8 0.9 19.2
With gas bubbles 37.5£10.3 1.1 10.6

*Conventional fractional precipitation

20.4%°14 D,y #hS Zr2F 1.51x10714, 82610 m¥s, Al & =
63.6%114 1.92x107, 1.06%10"*m?/s o]c}. HF2 g9
Ad= AEA Ao w8 253} AlniElo]d HE 2 7k
S o] 43t o] A9 AlE 5 204%014 6.7, 3.641, Al &
63.6%°lA 6.4, 3.59) 212} F7keRolt. o] 2lst Avk= 25uk-3
(75 W, 20 kHz)l| 213+ Th2 9 5 9] 2k (poorly water-soluble drugs)©]]
29 2] 174 F}(itraconazole 1.48l, ibuprofen 1.824l, sulfamethoxazole
7.940, griseofulvin 33.6W1)e} Bl = = rh41]. EHHHolA &
A AIGE] ST A B 232 (homogeneous nucleation)ol] & Q31|
FES PIHTH28]. FH Al 259 Al E|o]l A WET 7k M
B gt 3 nix o, 53] 233} s Elo] A BEo] 7}
2 HWERTHE O B J3s 13E & 5 ATk o8 § Aol
FAnTEo] A WE-2] B-of 2%t 7inlE|o] A #2d(shock waves and
microjets) W5 2 Tt 30,41].

My o
[ }‘ﬂ rUhI F-,>-'4 l’ﬂ

3-3. SHEH oM

3-3-1. 2o 7] Elo)Ad Bl o] &5k i

oM E-E AN 2T 2S5 a-EE el o)
Johnson-Mehl-Avrami-Kolmogorov (JMAK) = @& ©o]&3}o]
log((lnﬁ)) 9} logte- plottings}] Fig. 5, 61 LER ST T3t

0.6

log(In(1/(1-X)))

log t

Fig. 5. Johnson-Mehl-Avrami-Kolmogorov (JMAK) plots at differ-
ent sample purities for conventional acetone-water frac-
tional precipitation at 5 °C.

718719 AHE Zall Avrami AT SEAFK)ES T-5H9]
Table 201 213} TE Avrami 44 n BE 33 25(5~25 °C)
o A8 =5 204% W 1.197 (control), -3} 31+9] 80, 180, 250

Table 2. Kinetic parameters for the acetone-water fractional precipitation with ultrasonic cavitation bubble at different ultrasound powers

Temperature (°C) Sample purity (%) Ultrasound power (W) n k e
Control* 1.197 0.0004 0.963
204 80 0.271 0.897 0.897
180 0.197 1.094 0.988
250 0.214 1.125 0.986
> Control* 0.328 0.157 0.965
80 0.507 1.102 0.966
636 180 0.426 1.324 0.969
250 0.396 1.544 0913
80 0.219 0.682 0.971
20.4 180 0.237 0.757 0.975
15 250 0.177 0.955 0.968
80 0.320 0.606 0.967
63.6 180 0.390 0.692 0.983
250 0.353 0.866 0.916
80 0.397 0.310 0.909
20.4 180 0.232 0.613 0.951
25 250 0.246 0.621 0915
80 0.314 0.534 0.896
63.6 180 0.306 0.712 0.938
250 0.315 0.777 0.984

*Conventional fractional precipitation
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Fig. 6. Johnson-Mehl-Avrami-Kolmogorov (JMAK) plots for acetone-water fractional precipitation with ultrasonic cavitation bubble at dif-
ferent sample purities and temperatures. (A) Sample purity 20.4% and 5 °C; (B) Sample purity 63.6% and 5 °C; (C) Sample purity
20.4% and 15 °C; (D) Sample purity 63.6% and 15 °C; (E) Sample purity 20.4% and 25 °C; (F) Sample purity 63.6% and 25 °C.

WollAl Z+2}F 0.197~0271 (5°C), 0.177~0.237 (15°C), 0.232~0.397
(25 °C)°] Ut} T3t A7 =5 63.6%2 ® 0.328 (control), XS
1}¢] 80, 180, 250 Wl Z+2} 0.396~0.507 (5 °C), 0.320-0.390
(15°C), 0.306~0.315 (25 °C)°1 3T}, Fig. 6014 Hi= nfe} o] =
SIEEA ] BE oA shte] Qo] gAEe] BE &

oA & A 1l A% (nucleation and growth)o] FA]el] o] Fo]%

o b B
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FoIFATH42]. S5 A k= BE 25(5~25°C)ll- A7 <5
20.4%% = 0.0004 min™ (control), 23} 3+ 80, 180, 250 WollA]
Z+7} 0.897~1.125 min™! (5 °C), 0.682~0.955 min™! (15 °C), 0.310~
0.621 min™' (25 °C)°]3Att. B3 A8 =% 63.6% W 0.157 min™!
(control), 223} 9] 80, 180, 250 WollA] ZH2} 1.102~1.544 min™!
(5°C), 0.606~0.866 min (15 °C), 0.534~0.777 min" (25 °C)°] 3}
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Fig. 7. Johnson-Mehl-Avrami-Kolmogorov (JMAK) plots for acetone-water fractional precipitation with gas bubble at different sample puri-
ties and temperatures. (A) Sample purity 20.4% and 5 °C; (B) Sample purity 63.6% and 5 °C; (C) Sample purity 20.4% and 15 °C; (D)
Sample purity 63.6% and 15 °C; (E) Sample purity 20.4% and 25 °C; (F) Sample purity 63.6% and 25 °C.

o S st e e o284 (80~250 W) 73
Alm =57} 204 63.6%% WH Z}+Z} 0.0004 min™ (control)°l| A
0.310~1.125 min!, 0.157 min™! (control) A 0.534~1.544 min' &
FR AR 21 e S5 g5 2 Zow )
gk o] AEA FHP A A7 APK1.810x10° min at

4°C)9} WYL W) 233 | Elo]4 1S ol g5 FA Al
A SE A E 2 1593,

3-3-2. 7k HES o]

7k WMEE ol §
Kolmogorov (JMAK) X2 & 9] %‘01'01 log((
plottingdto] Fig. 701l VERNSITE, B8t 727 2}
s2}u] E] & Table 39 A 23} TF. Avrami A<= ne
(5~25°C)ollA A& =% 20.4%A W] 712~ 35S 1.15, 4.52, 9.41
L/minolA Z+2} 0.244~0.309 (5 °C), 0.227~0251 (15°C), 0.287~0.323
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Table 3. Kinetic parameters for the acetone-water fractional precipitation with gas bubble at different gas flow rates

Temperature (°C) Sample purity (%) Gas flow rate (L/min) n k (min) 1

1.15 0.309 0.741 0.966

20.4 4.52 0.262 0.882 0.932

5 9.41 0.244 0.980 0.976
1.15 0.418 1.057 0.966

63.6 4.52 0.363 1.304 0.981

9.41 0.366 1.458 0.922

1.15 0.227 0.627 0.974

20.4 4.52 0.251 0.688 0.945

s 9.41 0.232 0.771 0.958
1.15 0.374 0.485 0.940

63.6 4.52 0.455 0.546 0.943

9.41 0.368 0.802 0.971

1.15 0.318 0.379 0.950

20.4 4.52 0.323 0.424 0.970

25 9.41 0.287 0.513 0.959
1.15 0.350 0.452 0.939

63.6 4.52 0.372 0.534 0.990

9.41 0.259 0.799 0.987

(25 °C), A& =5 63.6% Wl 7}~ F2 1.15, 4.52, 9.41 L/min

ol 4 z+z} 0.363~0.418 (5 °C), 0.368~0.455 (15 °C), 0.259~0.372
(25 °C)°1Tt. Fig. 7014 B vis} o] 7k HEE3A 4]
BE oA s AAE FAToR 3 Y D A%
(nucleation and growth)©] FA]¢f| o]F0]%] S g2l th42]. &
T AT kE BE 25 (525 °0)°lA AR 5 204%Y o] 7h~
S 1.15, 4.52, 9.41 L/min®lA Z+2} 0.741~0.980 min™ (5 °C),
0.627~0.771 min™ (15 °C), 0.379~0.513 min™' (25°C), N & <&
63.6% HH b2 S 115, 452, 941 Liminoll A Z+2F 1.057~
1.458 min™ (5 °C), 0.485~0.802 min™' (15 °C), 0.452~0.799 min’!
(25°01tt. EE etz vlud o) 7kA HES ol g
Sk 837 (1.15~9.41 Limin)é] 73-%- A& 57} 204, 63.6%%
u Z+2} 0.0004 min™! (control)°l|A] 0.379~0.980 min™, 0.157 min™

(control)oll 4] 0.452~1.458 min' & &7} 0w, A& =57 &
=75 SR 7 & Fo8 SISl ol A9E nkg
° 72 253} 7iRlE o] HE W 7k MBS Y E FAe
A S AT ke BT AR as B30k

3-4. YAEH oA

3-4-1. 99eH4 sjetu]E] Ak

251 Jaj ol MBS o] &3t EH A A B3}l A
E 2 A7) §1310] Arrhenius 48 ©]8310 Ink ] /TE £4
et 7179 S Ea) 73 92| E S Table 40 LJE}
Itk A8 45 20.4%2 o 233 944 80, 180, 250 WellA z}
7} -36.3 -20.0, -20.3 kl/mol, Al & =% 63.6% Y W 253 19
80, 180, 250 Wl Z+z} -25.1, -21.6, -23.9 kl/mol©] L t}. FE3H

Table 4. Thermodynamic parameters for the acetone-water fractional precipitation with ultrasonic cavitation bubble at different ultrasound powers

Ultrasound power (W)  Sample purity (%)  Temperature (°C) E, (kJ/mol) AH? (kJ/mol) AS? (kJ/mol K) AG? (kJ/mol)
5 16.4
204 15 -36.3 -5.87 -0.08 17.2
25 18.0
80
5 10.8
63.6 15 -25.1 -5.36 -0.06 11.4
25 12.0
5 16.4
20.4 15 -20.0 -3.15 -0.07 17.1
25 17.8
180
5 10.8
63.6 15 -21.6 -3.44 -0.05 11.3
25 11.8
5 16.3
20.4 15 -20.3 -2.89 -0.07 17.0
25 17.7
250
5 10.7
63.6 15 -239 -2.48 -0.05 11.2
25 11.7
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Table 5. Thermodynamic parameters for the acetone-water fractional precipitation with gas bubble at different gas flow rates

Gas flow rate (L/min) ~ Sample purity (%)  Temperature (°C) E, (kJ/mol) AH® (kJ/mol) AS? (kJ/mol K) AG? (kJ/mol)

5 16.5
20.4 15 -23.0 -5.67 -0.08 17.2
115 25 18.0
5 10.9
63.6 15 -29.5 -4.86 -0.06 11.5
25 12.0
5 16.4
204 15 -25.1 -4.07 -0.07 17.1
450 25 17.9
5 10.8
63.6 15 -31.1 -2.95 -0.05 11.3
25 11.8
5 16.3
20.4 15 =222 -3.62 -0.07 17.1
25 17.8

9.41
5 10.9
63.6 15 -20.9 -3.51 -0.05 11.4
25 11.9

7h WEE o] g4 AN B SeIIA B2 A 9

3tod Arrhenius 2] ©]&-3t] Ink of I/TE =2 8=15lnh 71%71 ¢}
ARE Fall -8 32} E = Table 59 3t Al =5
204%Y wl 7}~ 5% 1.15, 4.52, 9.41 L/minollA] 242} 23.0,
-25.1, -22.2 kJ/mol, Au TE 63.6%Y W 7k F5S 1.15, 4.52,
9.41 L/min®llA Z}2} -29.5, -31.1, -20.9 kJ/mol®] i Th BE E, 3t

o] S5 YehEg W Lol yh-g-o] ] mEA W E=
UARESSS SIS 4= QlT}44,45].

o]-g3ko] In K, ol l/TE Eélﬁr F"*E} Table 401]*1 R vl HE

o] 253 7nlElo]d HEFHAHNA A E % 20.4%Y
Z53F 9] 80, 180, 250 WellAl AH= 2H7} -5.87, -3.15, -2.89
kJ/mol, AS°= Z+Z} -0.08, -0.07, -0.07 kJ/mol'K, AG°:= Z}Z}
16.4~18.0, 164~17.8, 163~17.7 kI/mol®] At} Al & 1= 63.6%Y o
Z5 3 319 80, 180, 250 WollAl AHO= 717} -5.38, -3.44, -2.48
kJ/mol, AS°E Z}Z} -0.06, -0.05, -0.05 kJ/mol'K, AGeE Z+7}
10.8~12.0, 10.8~11.8, 10.7~11.7 kJ/mol®] It}

7k MES o] g5t Kol ujst doeh4] metu]E (EF ol
2] W3k AHC, E7 AEZY] 3L AS°, 5 Gibbs At V1]
H3} AGY)E Alrtsl7] $1319] van’t Hoff )& ©]-8-3F] In Kt 1/

TE S35t Table 5641 B HEe} 22o] 7k HE-Z 7o
A AR 5 204%D W] 7FS 535S 1.15, 4.52, 9.41 L/min®l| A
AH= 247y 25,67, -4.07, -3.62 kl/mol, AS®:= ZHZF -0.08, -0.07,
-0.07 kJ/mol'K, AG*E Z+Z} 16.4~18.0, 16.4~17.9, 16.3~17.8 kJ/
mole|ATth A8 X% 63.6%Y W] 7k F-5S 1.15, 4.52, 9.41 L/
min®llA AH%= ZH2} -4.86, -2.95, -3.51 kl/mol, AS°+= ZHZ} -0.06,
20,03, 005 kl/mol'K, AG*= Z+2} 109~12.0, 10.8~11.8, 109~11.9 kJ/
molo] ATt AHE B 557 48 UER =2 BE A 370 &
gole oIkt ASE 25 S LR PR Zdo] s o)
w2} F24 A % (randomness)’F A4S & = QIATH AGYS BT

S e B2 1R (nonspontaneous) RE-S-01H 7 &
7} 7V S o BIAPRA S o  AATH46,47]. A =
AR 9] Z$-ofl = AH= -32.8 ki/molZ T, ASE= -0.12 J/mol K
F HI7FIA, AG= 4, 7, 8 °CollA ZH2} -0.01, 0.35, 0.46 kJ/mol=
257} S7FE O viapRA o] Qe 38]. o) 2] AR TE £
=3 FlulElo]d HE 2 7k HES T3 ol EE T

=1
o] B9 Aot sfetule] o vl fARRE A1 5 Uik,

3-4-2. 733} skEeE ARk

59 Fn] ol HES o] st A T4 <] HoltH
(transition state)°|X] E/d S}z (activated complex)] &3} AE]
RS AH*), B3} IER=9] M EHAS*), 23} Gibbs Al A]
HSHAGH)E AAbsE7] 918ked Eyring 2191 2] (12)& ©] &3¢
& 9} 118 =48k S0k 719 7) 9} Ao e 73 e
EiE Table 60l FERAITE A8 =% 20.4%Q o) 259 3+ 80,
180, 250 WellAl AH*= Z+2; 3877, 224, -22.7 kl/mol, AS*& Z}+2¢
-0.38, -0.32, -0.32 kl/mol'K, AG*= Z}+7} 68.0~75.7, 67.8~74.3,
67.5~74.0 kJ/mol®| §ITth Al & % 63.6%4Y W 253} 3+$] 80,
180, 250 WollAl AH*= 212} 275, -24.0, -26.2 kl/mol, AS*+= z}2}
-0.34, -0.33, -0.34 kl/mol'K, AG*= Z+7} 67.9~74.7, 67.5~74.1,
67. 1 -73.8 kl/molo] Q1 t}. 7} WES o] &8k #HEAH e H§-
lnf SH/TE A8kt 71&718k A 0w RE et setulEE
Table 70l 2] 3k th AR 5 204%Y W 7k~ 35S 1.15,
4.52,9.41 L/min®| A AH*:= Z}2} -25.4, -27.5, -24.6 kJ/mol, AS*
= 27 2034, -0.34, -0.33 kI/mol'K, AG*= Z+7} 68.5~75.2,
68.1~75.0, 67.9~74.6 kJ/molo|}{th. A= 5 63.6%Y W 7k
2 1.15, 452, 941 L/minol| A} AH*= 2}2} 319, -33.5, -23.3 kJ/mol,
AS*E= Z+2} 2036, -0.36, -0.33 kl/mol 'K, AG*+= 77} 68.1~75.2,
67.6~74.9, 67.3~73.8 kJ/mol°] Tt AH*= BF & gk LER]
B2 2dshd AAEY A o] WA (exothermic)d S E215}¢
Gk AS* = S @S YEREE A3 v # U F(associative
mechanism)S 35}, AG*E= b5 348 UJERf 22 vjapg=]
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Table 6. Activation parameters for the acetone-water fractional precipitation with ultrasonic cavitation bubble at different ultrasound powers

Ultrasound power (W) Sample purity (%) Temperature (°C) AH* (kJ/mol) AS* (kJ/mol K) AG* (kJ/mol)
5 68.0
20.4 15 -38.7 -0.38 71.8
25 75.7
80 5 67.9
63.6 15 -27.5 -0.34 71.3
25 74.7
5 67.8
204 15 -22.4 -0.32 71.0
25 74.3
180
5 67.5
63.6 15 -24.0 -0.33 70.8
25 74.1
5 67.5
20.4 15 -22.7 -0.32 70.8
25 74.0
250
5 67.1
63.6 15 -26.2 -0.34 70.4
25 73.8
Table 7. Activation parameters for the acetone-water fractional precipitation with gas bubble at different gas flow rates
Gas flow rate (L/min) Sample purity (%) Temperature (°C) AH* (kJ/mol) AS* (kJ/mol K) AG* (kJ/mol)
5 68.5
20.4 15 254 -0.34 71.9
15 25 75.2
5 68.1
63.6 15 -31.9 -0.36 71.6
25 75.2
5 68.1
204 15 -27.5 -0.34 71.6
25 75.0
452
5 67.6
63.6 15 -335 -0.36 71.3
25 74.9
5 67.9
204 15 -24.6 -0.33 71.2
25 74.6
9.41
5 67.3
63.6 15 -233 -0.33 70.5
25 73.8
(nonspontaneous)®] {th. F 3 =7} F71eE O] njAplAo]n 5 BEAA S k) ek wofs Wl Aok sy
MR U B E FS U 5 UNTHASAL ABH B 2 Fasle] B BHS YA 02 2T oE-E B
72 739 AH*E= 926.24 ki/mol 2 HANHS, AS*E= -3.67)/ %

mol- K& H|7}4 4 A vlAUSE X833 AG*E 4, 7, 8 °Coll
A 247} 91.7, 102, 106 kJ/mol2 HA L 57} 271842 ¢ vz}
o] TH30]. o14e] AR EE 253} Au]Eo] A HE 9 7}
2 HMES TSR3 o E-E B Y - E493) vebilE gk

oA IS FARES B1T 5 A,

42 E
B AT 71E oE-E A 2 FH ARKE &)
A2 WA £ gl &3} AulElo]d v 8l 7k B8-S o]
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1ol 253 Aol ME 2 7k MES ESFo RN H%
2 k2o nlsl EEA A AIZHS 20254 @& 5= Q9T I
A LE(5~25°0)F FE75, 253 39 (80~250 W)} 7k~
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At AL H PR A7 5.2~5.48) (G5 AfRIElo] A H
£), 3.5~3.68 (7} HE) Zastel o, ERAlITE 6.4~6.74(F
53} AalElo] A WE), 3.5~3.68 (71~ HE) T8I 58t
A A ellA S5 g AR WA 2T vl wed o 250
e o)A Bl E-EH A (80~250 W)&] A9 A8 571204,
63.6%< o Z+Z} 0.0004 min ' (th =)ol 4 0.310~1.125 min™',
0.157 min ' (T ZT1)ol A 0.534~1.544 min' & S8l o0 A8
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